Edited* by Charles R. Cantor, Sequenom, Inc., San Diego, CA, and approved February 13, 2015 (received for review September 15, 2014) Therapeutics developed and sold as racemates can exhibit a limited therapeutic index because of side effects resulting from the undesired enantiomer (distomer) and/or its metabolites, which at times, forces researchers to abandon valuable scaffolds. Therefore, most chiral drugs are developed as single enantiomers. Unfortunately, the development of some chirally pure drug molecules is hampered by rapid in vivo racemization. The class of compounds known as immunomodulatory drugs derived from thalidomide is developed and sold as racemates because of racemization at the chiral center of the 3-aminoglutarimide moiety. Herein, we show that replacement of the exchangeable hydrogen at the chiral center with deuterium allows the stabilization and testing of individual enantiomers for two thalidomide analogs, including CC-122, a compound currently in human clinical trials for hematological cancers and solid tumors. Using "deuterium-enabled chiral switching" (DECS), in vitro antiinflammatory differences of up to 20-fold are observed between the deuterium-stabilized enantiomers. In vivo, the exposure is dramatically increased for each enantiomer while they retain similar pharmacokinetics. Furthermore, the single deuterated enantiomers related to CC-122 exhibit profoundly different in vivo responses in an NCI-H929 myeloma xenograft model. The (−)-deuterated enantiomer is antitumorigenic, whereas the (+)-deuterated enantiomer has little to no effect on tumor growth. The ability to stabilize and differentiate enantiomers by DECS opens up a vast window of opportunity to characterize the class effects of thalidomide analogs and improve on the therapeutic promise of other racemic compounds, including the development of safer therapeutics and the discovery of new mechanisms and clinical applications for existing therapeutics.
thalidomide | enantiomer | deuterium | CC-122 | cancer C hirality plays an important role in a variety of disciplines, including pharmaceuticals, foods and flavorings, materials science, and agricultural chemicals. In pharmaceuticals, changing just one chiral center can affect critical compound properties, including potency, off-target side effects, and pharmacokinetics (1) (2) (3) (4) (5) , thus impacting efficacy and therapeutic index. Since the 1990s, drug molecules originally developed as racemates (a racemate is a 1:1 mixture of two mirror-image compounds or enantiomers) have been separated and developed as single preferred enantiomers (eutomers) because of improved synthesis, purification, and analytical methods. This approach, known as chiral switching, resulted in several new therapeutics based on existing drugs, including esomeprazole (Nexium), escitalopram (Lexapro), levalbuterol (Xopenex), eszopiclone (Lunesta), and levomilnacipran (Fetzima). It also led to new Food and Drug Administration guidance for the characterization and development of stereoisomers (6) .
There are numerous racemic compounds where chiral switching is impossible, because the chiral center has an exchangeable hydrogen that interconverts on a timescale that is incompatible with storage or dosing of a single pure enantiomer. Some examples of drugs that are still marketed as a mixture of two enantiomers include thalidomide, pioglitazone, bupropion, prasugrel, donepezil, and lorazepam. For each of these molecules, the rate of interconversion of enantiomers under physiological conditions is fast compared with the elimination rate of each molecule.
Immunomodulatory drugs derived from thalidomide are an important class of antiinflammatory and antitumorigenic drugs, of which thalidomide is the prototype (7, 8) . These compounds (Fig. 1) are all characterized by a nitrogen-substituted 3-aminoglutarimide moiety essential for their therapeutic activity with an exchangeable hydrogen at the chiral center. In addition to thalidomide, a number of analogs, including lenalidomide (Revlimid), pomalidomide (Pomalyst and Imnovid), CC-11006, CC-122, and CC-220, have been or are being developed for the treatment of blood cancers and hematological conditions (e.g., multiple myeloma, myelodysplastic syndrome, lymphoma, and chronic lymphocytic leukemia), solid tumors, and inflammatory diseases (e.g., sarcoidosis, systemic sclerosis, and systemic lupus erythematosus).
as CC-11006, a former development compound for hematological cancers. The chemical structure is disclosed in patents and patent applications related explicitly to this 3-aminoglutarimide (9) (10) (11) . Experimental data are explicitly disclosed for CC-11006 in the pharmacology review sections for new drug applications (NDAs) 021880 and 204026 corresponding to Revlimid Significance Despite dramatically improved therapeutic properties of single enantiomer drugs over the racemic mixtures, numerous drugs and drug candidates are still being developed and sold as racemates, including the class of immunomodulatory drugs derived from thalidomide. The chiral center of these thalidomide analogs is chemically unstable, resulting in interconversion of the enantiomers both in vitro and in vivo. Through stabilization of the chiral center with deuterium, we show for the first time, to our knowledge, that the in vitro antiinflammatory and in vivo antitumorigenic activities of a thalidomide analog currently in clinical development (CC-122) are caused exclusively by one enantiomer. Our findings enable the development of improved thalidomide analogs as therapeutics following stated regulatory guidance for the development of single enantiomers.
and Pomalyst, respectively. The chemical structure of CC-122 is disclosed in figure 5b in International Patent Application No. WO 2012/125459 (12) . The experimental data disclosed in this patent and other patent applications related to the explicit chemical structure (12) (13) (14) (15) (16) are also identical to the experimental data in published poster abstracts related to CC-122 (17, 18) .]
The challenges of dosing and maintaining levels of a single preferred enantiomer of thalidomide analogs are apparent comparing the generally short racemization half-life (rac t 1/2 ) in human plasma or blood with the longer elimination half-life (elim t 1/2 ) of thalidomide (19-24) (rac t 1/2 = 2-6 h; elim t 1/2 = 3-8 h), lenalidomide (25-27) (rac t 1/2 < 3 h; elim t 1/2 = 3-8 h), and pomalidomide (28-30) (rac t 1/2 < 1 h; elim t 1/2 = 7.5-9.5 h). The propensity to racemize prior to elimination makes it extremely difficult to assess the properties of the individual enantiomers and impedes mechanistic studies. In fact, the broad spectrum of activity for thalidomide analogs has been extensively studied and suggests multiple target sites of action (7, (31) (32) (33) (34) (35) . Recently, CC-122 has been defined as a pleiotropic pathway modulator (Celgene Corp) because of its broad range of activity (17, 18) . In actuality, each enantiomer may have unique pharmacological and safety profiles. Although there is limited data available and the enantiomers interconvert during the time course of the studies, a few groups have shown that the teratogenicity, in vitro antiinflammatory activity, and in vivo efficacy of protonated thalidomide analogs are caused, in large part, by the (S)-enantiomer (22, (36) (37) (38) . (S)-pomalidomide was originally advanced into clinical trials as ENMD 0995 (39) but soon abandoned because of the rapid racemization of the exchangeable chiral center (28, 29) . Finally, it has recently been shown by X-ray crystallography that the (S)-enantiomers of thalidomide, lenalidomide, and pomalidomide preferentially bind a newly identified target, cereblon (CRBN), believed to be responsible for their efficacy and teratogenicity in a cocrystal with the DDB1-CRBN complex, where DDB1 stands for DNA damage-binding protein 1 (40) .
Attempts to stabilize the (S)-enantiomer of thalidomide analogs have included replacement of the exchangeable hydrogen with methyl (20, 37, 41, 42) or fluorine groups (43, 44) . If and when the stable enantiomer of these analogs was studied, none were superior to the racemic, protonated thalidomide analog. The effects observed included similar or decreased potency, increased degradation, increased toxicity, and/or increased teratogenicity. In vitro stabilization of enantiomers has also been achieved by replacement of the carbonyl group adjacent to the chiral center with an oxetane (45) . The impact of this change on in vivo dosing or efficacy has not been reported.
Recently, deuterium has been explored to stabilize interconverting enantiomers. Deuterium is a stable isotope of hydrogen with a natural abundance of 0.015%, and it is known for its potential to stabilize chemical bonds. Therefore, deuterium is predicted to not affect the pharmacological properties of a compound, contrary to what can be anticipated with methyl, fluoro, or oxetane functional groups. Furthermore, given the natural abundance of deuterium and its ubiquitous use in past human pharmacokinetic studies, the use of deuterium in therapeutics does not present a safety concern.
The use of deuterium to stabilize drugs against undesirable metabolism, known as metabolic switching, began in the 1960s (46) (47) (48) (49) (50) (51) and is the predominant approach to deuterated drugs today. Metabolic switching can be a challenging strategy, because it is often difficult to translate from in vitro to in vivo (52) , is limited to defined metabolic pathways, and requires the synthesis and testing of numerous analogs.
The approach that we describe in this paper, deuteriumenabled chiral switching (DECS), is uniquely differentiated from metabolic switching, in that it is based on chemical stability, is generally independent of metabolism, thus resulting in little or no change in pharmacokinetics, translates from in vitro to in vivo, and requires the synthesis and testing of just two analogs.
We are the only group, to our knowledge, to previously and herein report the stabilization and differentiated in vitro and in vivo properties of monodeuterated enantiomers of several thalidomide analogs, including reduced degradation, improved pharmacokinetics, and separation of in vitro antiinflammatory effects (53). Yamamoto et al. (54) previously reported the stabilization of monodeuterated thalidomide enantiomers in aqueous solution but did not differentiate their biochemical properties or their pharmacokinetic and pharmacodynamic properties. Another group has shown improved stability, pharmacokinetics, and separation of in vitro pharmacological effects with pentadeuterated lenalidomide enantiomers (55, 56) . However, the latter publications do not differentiate the properties in vivo or allow discrimination of the effects of the additional four deuteria on the 3-aminoglutarimide ring and their pharmacodynamic contributions (55, 56) .
Herein, we report the synthesis, in vitro characterization, and differentiation of stabilized enantiomers of two unique thalidomide analogs, compounds 1 (57) and 2 (CC-122) (58) , and for the first time to our knowledge, we differentiate stabilized enantiomers of thalidomide analogs in in vitro and in vivo efficacy models. 
Results

Synthesis of Deuterated (R)-and (S)-
were prepared using commercially available deuterated chiral starting materials (R)-(3- 
were obtained as a mixture in a deuterium incorporation and quinazoline formation step. They were separated by chiral chromatography, and both were isolated with deuterium content at the chiral center of 87%, purity > 99%, and >98%ee. Isotopomeric enantiomers (+)-H-2 and (−)-H-2 were synthesized similarly and isolated with similar purities and %ee.
Deuteration at the Chiral Center Reduces Interconversion of Enantiomers in Plasma. The enantiomers of deuterated rac-3-(5-amino-2-methyl-
and rac-D-2 in plasma can degrade or through slow deuterium/ hydrogen (D/H) exchange, form the isotopomeric enantiomers, which can themselves enantiomerize and degrade (SI Appendix, Fig. S1 ). These reactions were observed in studies performed in human plasma for compound 1 (SI Appendix, Fig. S2 ) and mouse and human plasma for compound 2 (SI Appendix, Figs. S3 and S4). The experimental data were analyzed as described in Materials and Methods using the appropriate kinetic equations to generate rate constants for the individual reactions.
For rac-D-1 (SI Appendix, Table S1 ), degradation of the deuterated enantiomers in human plasma was found to be about 1.5-fold slower than D/H exchange. Additionally (S)-D-1 was shown to be twofold more stable than (R)-D-1 to both D/H exchange and degradation. Data obtained from incubation of protonated (S)-enantiomer, (S)-H-1, show that enantiomerization is stereoselective, because (S)-H-1 enantiomerizes at least 15-fold faster than (R)-H-1. Therefore, the enantiomerization rate of (R)-H-1 and the degradation rate of (S)-H-1 could not be calculated accurately, because (S)-H-1 rapidly enantiomerized to (R)-H-1, which then degraded quickly. Degradation of protonated (R)-H-1 was at least threefold faster than that of (R)-D-1.
In the case of compound 2 (SI Appendix, Table S2 ), all reaction rates (degradation, D/H exchange, and enantiomerization) were about twofold faster in human plasma than mouse plasma. In both species, the degradation rate was two-to threefold slower than the enantiomerization rate and similar to D/H exchange. Meanwhile, D/H exchange was 1. T max (time to maximum plasma concentration) was not affected by deuteration (0.25-1 h). Deuteration also did not change the fast elimination, with half-lives (t 1/2 ) of 1-2 h for both protonated and deuterated enantiomers (Table 1 and SI Appendix, Table S3 ). Almost exclusive exposure to the corresponding single enantiomer was observed, with 96% and 98% of the total AUC for mice dosed with (−)-D-2 and (+)-D-2, respectively ( Table 1 ). Little to no D/H exchange was observed during the study. This observation is supported by comparing the percentage of total AUC corresponding to the deuterated enantiomers in the pharmacokinetic study [86% and 90% for (+)-D-2 or (−)-D-2, respectively] with the percentage of deuterium in the dosed compounds (87% for both enantiomers by NMR). Unexpectedly, double the exposure (Table 1 ) and approximately threefold larger C max (maximal plasma concentration) (SI Appendix, Table S3 ) were observed in animals administered the pure deuterated enantiomers at onehalf of the dose of rac-H-2. Also, the 3:2 exposure ratio of (+)-2 to with Significantly Different Potencies. When treated with LPS, human peripheral blood mononuclear cells (PBMCs) release cytokines, including TNF-α (59). The inhibitory effects of the deuterated enantiomers of phthalimide derivative 1 and quinazolinone derivative 2 against TNF-α production were evaluated in vitro using human PBMCs. As shown in Table 2 The stabilized enantiomers of 2 were compared with the protonated racemate, rac-H-2, in an s.c. NCI-H929 (H929) myeloma CB.17 SCID mouse xenograft model. All treatments were well-tolerated, with no differences in body weight measurements between dosing regimens (SI Appendix, Fig. S6 ) and no abnormal cage-side observations. A marked difference in efficacy was observed between the enantiomers (Fig. 5 A and B) ; (−)-D-2 significantly inhibited tumor growth compared with vehicle [tumor growth inhibition (TGI) of 58% and 71% at 1.5 and 15 mg/kg, respectively], whereas the (+)-D-2 enantiomer significantly accelerated tumor growth at 1.5 mg/kg (TGI = −43%) and nonsignificantly slowed tumor growth at 15 mg/kg (TGI = 11%). The parent racemic compound (rac-H-2) statistically significantly reduced tumor growth at 3 mg/kg (TGI = 52%) but not as efficiently as (−)-D-2 at 1.5 or 15 mg/kg. In a repeat study, the same rank order was observed, with (−)-D-2 being the most efficacious deuterated enantiomer ( Fig. 5C and SI Appendix, Figs. S7 and S8), although the compounds seemed more potent and the tumor growth in vehicle-dosed animals was faster. Average tumor volumes on the last day of dosing for the two studies combined (Fig. 5C) show that (−)-D-2 (TGI of 84% and 89% at low and high dose, respectively) has significantly higher antitumorigenic potential than rac-H-2 or (+)-D-2. At low dose, (+)-D-2 (TGI = 26%) seems similar to vehicle, whereas at high dose, its efficacy is approaching that of rac-H-2 [TGI of 68% and 80% for (+)-D-2 and rac-H-2, respectively]. This efficacy is likely caused by ongoing racemization of ∼13% of the nondeuterated (+)-H-2 contaminant in (+)-D-2. Based on this contamination with the rapidly racemizing protonated enantiomer, at the high 15-mg/kg dose of (+)-D-2, the exposure to the active (−)-H-2 is predicted to become almost equal to the exposure to (−)-H-2 when rac-H-2 is dosed at 3 mg/kg.
Discussion
To evaluate the potential differences in antiinflammatory and antitumorigenic properties of their enantiomers, we synthesized recently disclosed thalidomide analogs rac-N-{[2-(2,6-dioxopiperidin-3-yl)-1,3-dioxo-2,3-dihydro-1H-isoindol-4-yl]methyl} cyclopropanecarboxamide (rac-H-1) and rac-H-2 (CC-122) ( Fig.  1) and separated their enantiomers. Similar to other compounds within the class of thalidomide analogs, they are characterized by a glutarimide moiety bearing an amino substituent on the carbon-α to a carbonyl functional group, rendering it chiral. Because of the acidic nature of the proton at the chiral center, thalidomide, lenalidomide, pomalidomide, and related analogs have been developed as racemic mixtures, because the enantiomers interconvert rapidly under physiological conditions. Enantiomers of 1 and 2 also rapidly racemize, despite bearing different substituents (isoindolinone and quinazolinone, respectively) on the nitrogen of the shared 3-aminoglutarimide moiety.
We, therefore, used DECS (the substitution of the proton at the chiral center by a deuterium to facilitate chiral switching) as a method to slow down interconversion between enantiomers and characterize the potential therapeutic differences between the enantiomers. Replacing the hydrogen at the chiral center with a deuterium may impart improved stability against racemization caused by the deuterium kinetic isotope effect ( The enantiomerization reactions seemed to be stereoselective, particularly for (S)-H-1 and (R)-H-1, where there is at least a 15-fold difference in enantiomerization rate constants. Stereoselective enantiomer interconversion reactions in the presence of albumin, a major plasma protein, have been reported previously (64) . This stereoselectivity is likely caused by catalysis of the reaction by stereoselective plasma protein interactions. However, because of the unique property of rapid enantiomerization of the compounds studied herein, we are unable to show that the stereoselectivity is caused by plasma protein binding, because the experiments require incubation for several hours, during which enantiomerization would occur. Our D/H exchange studies of compound 1 monitored the racemic mixture; therefore, we cannot assess whether deuterium at the chiral center slowed the formation of the enolate to the same extent for both enantiomers. The (+)-enantiomer of compound 2 was found to be slightly more stable than the (−)-enantiomer. This effect was identical for both the protonated and deuterated enantiomers, with a 1.36-fold difference between the (+)-and (−)-enantiomerization rate constants in human plasma. The species (mouse vs. human) was also shown to play an important role in enantiomerization reactions of quinazolinone derivative 2, where all reactions were found to be faster in human than mouse plasma. Similar to what has been observed for thalidomide (65, 66) , both compounds were subject to in vitro degradation, likely by chemical hydrolysis of the glutarimide and/or phthalimide moiety.
Deuteration at the chiral center of phthalimide derivative 1 slowed down degradation by a factor of 3, similar to what we have described for the isoindolinone derivative, lenalidomide (53) . Interestingly, no effect of deuterium on the in vitro degradation rate of 2 was observed. Based on these results and the development status of the racemic parent compounds, in vivo studies were only performed with quinazolinone 2.
There are numerous biological effects of thalidomide analogs (7) . To show the difference in antiinflammatory activity of the enantiomers, we measured their ability to inhibit TNF-α production by LPS-stimulated PBMCs ( Table 2 ). The inhibition of TNF-α production is a measure of their immunomodulatory action, essential for their efficacious use in autoimmune diseases, such as lupus erythematosus or Behçet's disease, inflammatory diseases, such as Crohn's disease or erythema nodosum leprosum, and also, cancers, such as multiple myeloma and selected solid tumors, where TNF-α production has been shown to play an important tumor-promoting role (31, 67, 68) . Despite the potential for enantiomerization during the long incubation times (cells are incubated with compound overnight at 37°C in the presence of 10% plasma), (S)-D-1 was shown to be about 10-fold more potent than (R)-D-1 at inhibiting TNF-α production. Similarly, (−)-D-2 was about 20-fold more potent at inhibiting TNF-α production than (+)-D-2.
The pharmacokinetics of rac-H-2, (−)-D-2, and (+)-D-2 were evaluated in CB.17 SCID mice, the strain used for the xenograft model. In animals dosed with the protonated racemate, stereoselective exposure to (+)-H-2 was observed. Stereoselective exposure was also observed comparing exposure to the enantiomers (+)-2 and (−)-2 (sum of exposure to protonated and deuterated isotopomers) between groups of animals dosed with the individual deuterated enantiomers (+)-D-2 and (−)-D-2. This stereoselectivity, which is independent of the isotopomer, may be a consequence of stereoselective absorption, metabolism, elimination, and/or degradation. The deuterated enantiomers seemed very stable in vivo and showed almost no D/H exchange, leading to an almost stereospecific exposure to one enantiomer with 96% and 98% of the total exposure to the single (−)-or (+)-enantiomer, respectively (sum of corresponding protonated and deuterated isotopomeric enantiomers). This stereospecific exposure corresponds to enantiomeric excesses of 92% and 96% for (−)-2 and (+)-2, respectively, slightly lower than the %ee of the deuterated enantiomers used (%ee > 99%). This difference is likely caused by some small amount of D/H exchange and enantiomerization of the protonated enantiomer present in the administered deuterated enantiomer [∼13% of (+)-D-2 or (−)-D-2 is (+)-H-2 or (−)-H-2, respectively]. This effect was too limited to be analyzed in more detail. Studies in larger species (rat or nonhuman primate) could be used to further evaluate this observation, because the elimination rate will likely be slower. It was also observed that, although administered at one-half of the dose of the protonated racemate (same dose of enantiomer, because the racemate is composed of a 1:1 mixture of both enantiomers), each deuterated enantiomer showed an unexpected twofold increase in exposure to the corresponding enantiomer in the racemate. Because this twofold increase in exposure is accompanied by a threefold increase in C max without a change in elimination half-life, the higher exposure is likely because of better absorption of the individual enantiomers than the racemate. Exposure to (−)-2 in animals administered (+)-D-2 was about 7% of the exposure to (−)-H-2 in mice dosed with rac-H-2. This exposure to the (−)-enantiomer is close to the exposure to (−)-H-2 if the protonated racemate had been administered at one-tenth the dose (i.e., 3 mg/kg). The same was observed for exposure to the (+)-2 enantiomer in animals dosed orally with (−)-D-2.
An in vivo xenograft model of myeloma (NCI-H929) showed that the pharmacodynamic effects of the deuterated enantiomers of 2 were clearly differentiated. At 1.5 mg/kg, only (−)-D-2 showed profound efficacy, significantly reducing tumor growth. This activity was better than the protonated racemate when Table 1 . Elimination half-life (t 1/2 ) and plasma exposure (AUC 0−t ) for (−)-H-2, (+)-H-2, (−)-D-2, and (+)-D-2  (h−, h+, d−, and d+) However, the antitumorigenic efficacy observed after a high dose of (+)-D-2 was still lower than that of the rac-H-2 at only 3 mg/kg. This efficacy, observed at the highest dose of (+)-D-2 only, is likely because of the predicted enantiomerization of the (+)-H-2 contaminant and the subsequent accumulation of the efficacious (−)-H-2 enantiomer. This accumulation is predicted to lead to exposure to the antitumorigenic enantiomer at a concentration that is close to the exposure obtained when administering rac-H-2 at 3 mg/kg, which was observed in our pharmacokinetic study discussed above. In our repeat of the in vivo xenograft model of myeloma (NCI-H929), the (−)-enantiomer is still profoundly more potent than the (+)-enantiomer in curtailing tumor growth, but the low dose of the (+)-enantiomer did not promote tumor growth. In addition, in this second study, (−)-D-2 is more potent than in the first study, and therefore, the slow accumulation of the strongly antitumorigenic (−)-enantiomer after dosing of (+)-D-2 may mask any tumor growth-promoting effects. Synthetic method development aimed at further reducing the amount of the protonated enantiomer in the deuterated formulation is required to further delineate the effects of the individual deuterated enantiomers.
These experiments show that DECS can stabilize chiral compounds against epimerization and clearly differentiate the beneficial and potential detrimental effects of enantiomers. In the exemplary case of thalidomide analogs 1 and 2, preparation, separation, and characterization of the individual deuterated enantiomers allowed us to show for the first time, to our knowledge, that efficacy is caused almost exclusively by a single enantiomer. The determination of absolute configuration of the enantiomers of deuterated compound 2 was not possible, because there is no prior data available on the enantiomers, and we did not obtain crystals of the enantiomers. However, based on available data for other thalidomide analogs (22, 37, 38) and the TNF-α inhibition data that we obtained for the enantiomers of deuterated compound 2, it is likely that the most efficacious enantiomer, (−)-D-2, is (S)-D-2. The same tentative stereochemistry assignment can be made from the reported crystal structure of thalidomide, lenalidomide, and pomalidomide with target protein complex DDB1-CRBN, where the (S)-enantiomer was systematically shown to be preferentially bound through the constant and required 3-aminopiperidine-2,6-dione moiety (40) . It is, therefore, likely that, similar to other thalidomide analogs, (−)-D-2 exerts its therapeutic effects through binding to CRBN and modulation of its activity.
Today, most chiral drugs entering the market are single stereoisomers (69, 70) . However, 50% and 20% of the chiral new molecular entities approved by the Food and Drug Administration in 2009 and 2011, respectively, were racemates. Several of these racemates cannot be stored or dosed as a single stereoisomer, because they are prone to racemization. Using our approach of chiral switching with deuterium, described herein for thalidomide analogs, we have stabilized and begun to differentiate the enantiomers of several other racemic drugs and drug candidates (71) (72) (73) (74) , enabling the continued improvement of therapeutics for patients.
Materials and Methods
All reagents were purchased from commercial sources and used as received. . Two-way ANOVA of tumor volume vs. time with Bonferroni's multiple comparisons posttest against vehicle group. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. (C) Average tumor volume (± SD) on the last day of dosing for the two repeats (n = 20 per group). One-way ANOVA of tumor volume with Tukey posttest against vehicle group. ****P < 0.0001.
were of HPLC grade and used as purchased. All compounds were characterized by liquid chromatography (LC)/MS and NMR. Purity of the final products was also evaluated by HPLC/UV and chiral HPLC/UV. Synthetic details are presented in SI Appendix, Supplementary Material. Animal studies were performed in accordance with the recommendations of the Guide for Care and Use of Laboratory Animals (75) with respect to restrain, husbandry, surgical procedures, feed and fluid regulation, and veterinary care. All animal studies were approved by Charles River Laboratories International, Inc. Institutional Animal Care and Use Committee. where the amino group on the quinazolinone moiety is protected as a nitro group. Although we did not optimize the cyclization reaction, equivalents of chlorotrimethylsilane and triethylamine as well as time and temperature during the deuterium oxide quench were found to be critical variables in obtaining pure 10 from 9 without contamination by bis-and tris-deuterated analogs containing deuterium atoms at carbon 5 of the glutarimide ring.
As shown in Fig. 2 , the deuterated enantiomers of compound 1 were synthesized stereospecifically using commercially available deuterated chiral starting materials. The hydrochloride salts of (R)-and (S)-(3-2 H)-3-amino-2,6-dioxopiperidine were used to prepare the 1,3-dioxo-2,3-dihydro-1H-insoindole bicyclic ring system by reaction with phthalic anhydride 4 bearing a protected aminomethyl substituent. The reaction proceeded without significant loss of deuterium or chiral purity. The cyclopropylcarboxamide moiety was introduced last by reaction of the aminomethyl pendant group with cyclopropanecarbonyl chloride after reductive cleavage of the hydrazone moiety by hydrogenation over palladium on carbon (Pd/C). Enantiomers (R)-D-1 and (S)-D-1 were characterized by chiral supercritical fluid chromatography (SFC) with purities > 99% and 98.5% and enantiomeric excesses 92%ee and 86%ee for (R)-D-1 and (S)-D-1, respectively. Deuterium contents of 92% and 80% at the chiral center were confirmed by 1 H NMR and MS. The protonated racemate, rac-H-1, was prepared in a similar way, and enantiomers (R)-H-1 and (S)-H-1 were separated by chiral SFC with purity > 99% and %ee > 99% for both enantiomers.
Deuteration of rac-H-2 at position 3 of the piperidine-2,6-dione moiety, shown in Fig. 3 , required development of a quinazoline ring formation step compatible with introduction of deuterium. Thus, 2-acetamido-6-nitrobenzoic acid 8 was prepared by hydrolysis of benzoxazinone 7 synthesized by heating 2-amino-6-nitrobenzoic acid 6 with neat acetic anhydride. 2-Acetamido-6-nitrobenzoic acid 8 was then coupled with rac-3-aminoglutarimide to give rac-2-acetamido-N-(2,6-dioxopiperidin-3-yl)-6-nitrobenzamide 9. Ring closure was effected by heating 9 in acetonitrile in the presence of trimethylsilyl chloride and triethylamine followed by quenching in deuterium oxide to give the deuterated intermediate 5-nitroquinazolin-4-one 10, which was reduced to rac-D-2 by hydrogenation in the presence of palladium(II) hydroxide as catalyst. Proton NMR analysis showed regioselective deuteration at position 3 vs. position 5 of the piperidine-2,6-dione. The cyclization reaction was further optimized to result in the single 3-deuterated regioisomer by adjusting molar ratios of trimethylsilyl chloride and triethylamine. The enantiomers of deuterated rac-D-2 and isotopomeric rac-H-2, obtained by quenching in water, were separated by chiral SFC and isolated with purity > 99%, %ee > 98%, and deuterium content of 87% at the chiral center as confirmed by NMR. Chirality was determined by measuring optical rotation; thus, enantiomers of 2 are labeled (+)-2 and (−)-2.
Plasma Stability. Peak areas were normalized to the ISTD, and areas for the deuterated molecule were corrected for the isotopic peak of the protonated isotopomer if present. Corrected data were plotted using Microsoft Excel 2013 (Microsoft Corp.) and analyzed using the Excel Solver Generalized Reduced Gradient Nonlinear method with central derivatives to minimize the sum of sums of weighted Δ 2 (square of difference between ISTD-normalized experimental data and calculated value divided by the experimental data). The data from the deuterium isotopomer stability study were analyzed using analytical Eqs. 1 and 2, whereas the enantiomerization data were fitted using numerical approximation of differential Eqs. 3 and 4 using the Euler method (Eq. 5). The step between calculated time points was minimized to minimize the local error (proportional to the square of the step size) and the global error (proportional to the step size):
where 
where ) and analyzed within Excel using the Excel Solver Generalized Reduced Gradient Nonlinear method with central derivatives to minimize the sum of sums of weighted Δ 2 (square of difference between ISTD-normalized experimental data and calculated value divided by the experimental data). Calculated values were obtained through numerical approximation of differential Eqs. 6 and 7 for the stability studies of (+)-H-2 and (−)-H-2 and Eqs. 8, 9, 10, and 11 for the stability study of deuterated racemate rac-D-2 by the Euler method (Eq. 5). Independent analyses of the data for (+)-H-2 and (−)-H-2 were performed first. The average rate constants for the enantiomerization reactions, k +− and k −+ , from these two analyses were used as constants in the fitting of the stability data of rac-D-2. Furthermore, to limit the complexity of calculations, the assumption was made that degradation was not affected by the isotopic substitution or the chirality; hence,
The average degradation rate constant obtained by fitting the data for (+)-H-2 and (−)-H-2 was used in the fit of the stability of rac-D-2:
